Objectives-The aim of this study was to determine the role of ATP binding cassette transporter A1 (ABCA1) on generation of different-sized nascent HDLs. Methods and Results-HEK293 cells stably-transfected with ABCA1 (HEK293-ABCA1) or non-transfected (control) cells were incubated with lipid free 125 I-apoA-I for 24 hours. Incubation of apoA-I with HEK293-ABCA1 cells, but not control cells, led to the formation of heterogeneous-sized, pre-␤ migrating nascent HDL subpopulations (pre-␤1 to -4) that varied in size (7.1 to 15.7 nm), lipid, and apoA-I content. Kinetic studies suggested that all subpopulations were formed simultaneously, with no evidence for a precursor-product relationship between smaller and larger-sized particles. When isolated nascent pre-␤ HDLs (pre-␤1 to -4) were added back to HEK293-ABCA1 cells, their ability to bind to ABCA1 and efflux lipid was severely compromised. Heat-denaturation of pre-␤1 HDL resulted in partial recovery of ABCA1 binding, suggesting that initial interaction of apoA-I with ABCA1 results in a constrained conformation of apoA-I that decreases subsequent binding. Conclusions-Interaction of apoA-I with ABCA1 results in the simultaneous generation of pre-␤ HDLs of discrete size and chemical composition. These nascent particles are poor substrates for subsequent lipidation by ABCA1 and presumably require additional non-ABCA1-mediated lipidation for further maturation. (Arterioscler Thromb Vasc Biol.
T he inverse relationship between plasma high-density lipoprotein (HDL) cholesterol concentration and the risk of premature atherosclerotic vascular diseases has generated interest in understanding the steps involved in HDL assembly and catabolism. HDLs are proposed to be antiatherogenic because of their ability to accept excess cellular cholesterol in peripheral tissues and transport it to the liver in a process denoted as reverse cholesterol transport (RCT). 1 HDLs are classified into two subpopulations based on electrophoretic mobility on agarose gels: ␣-HDL (90% to 95% total HDL in plasma) and pre-␤ HDL (5% to 10%). 2 Heterogeneity is found among pre-␤ and ␣-HDLs. Using 2-dimensional gel electrophoresis (2D-gel), several pre-␤ and ␣-HDL subpopulations have been identified as a function of increasing size. 3 Although heterogeneity among pre-␤ and ␣-HDLs is well-documented, little is known about the mechanism of formation and metabolism of these pre-␤ and ␣-HDL subpopulations.
ABCA1 is critical for maintaining normal plasma HDL levels and nascent HDL biogenesis. A critical role for ABCA1 in HDL metabolism was demonstrated in patients with Tangier disease, a genetic disorder in which the ABCA1 gene is mutated. 4 -6 These patients have plasma HDL-cholesterol and apoA-I concentrations Ͻ5% of normal, accumulation of CE in macrophages, and increased risk of atherosclerosis. 7, 8 Fibroblasts from these patients also have a significant reduction in lipid efflux to apoA-I compared with controls, suggesting ABCA1 was essential for mediating transport of intracellular lipid to apoA-I. 9 Additionally, ABCA1 knockout mice recapitulate the Tangier disease phenotype, verifying the role of ABCA1 in cellular lipid homeostasis and plasma HDL maintenance. 10 Plasma pre-␤ HDLs exist as several subpopulations. 3 Several investigators have shown that nascent HDLs that resemble plasma pre-␤ HDLs in size can be generated by incubation of apoA-I with cells in which ABCA1 have been upregulated by cAMP or liver X receptor (LXR) agonists. [11] [12] [13] [14] These particles exhibit ␣ or pre-␣ mobility on agarose gels depending on acidic-PL content. Despite the well-documented size heterogeneity of in vitro-generated nascent HDL, detailed biochemical characteristics of ABCA1-assembled nascent HDLs are just beginning to ap-pear. 11 Furthermore, the role of ABCA1 in the size-speciation of nascent HDLs is inadequately defined.
The goal of our study was to define the role of ABCA1 in the size-speciation of nascent HDL formation. Our initial hypothesis was that small nascent HDLs are precursors of larger nascent HDLs that underwent multiple interactions with ABCA1 to acquire additional lipid and apoA-I. Alternatively, nascent HDLs of varying size and composition may be formed simultaneously. Although there is evidence for the latter hypothesis, the data were generated for only 2 nascent HDL populations at 3 time-points. 11 In addition, the ability of isolated ABCA1-generated nascent HDL subpopulations to interact with ABCA1 to gain additional lipid and apoA-I has not been investigated. Thus, we sought to address these questions using cells that expressed ABCA1, but not other HDL remodeling factors that might catalyze the interconversion of nascent HDLs and confound the interpretation of a precursor-product relationship among these particles. We found that ABCA1 expression alone was necessary and sufficient to generate 4 to 5 nascent pre-␤ HDL subpopulations of discrete size, and the appearance of these particles was not dependent on a precursor-product relationship. These results likely explain the observations that isolated ABCA1generated nascent HDLs bound to ABCA1 poorly and did not efflux lipid efficiently compared with apoA-I.
Materials and Methods

Overview of Experimental Procedures
HEK293 ABCA1-expressing and control cells were plated in 5ϫ150-mm dishes until cells reached 95% confluence. Cells were then washed 3 times with PBS and incubated with 10 g/mL of lipid-free 125 I-apoA-I (10 5 cpm/g) isolated by ultracentrifugation from human plasma in serum-free medium for 24 hours for most experiments. Immediately before incubation, 125 I-apoA-I was heated to 60°C for 30 minutes and then cooled to RT to standardize the conformational state of apoA-I. The conditioned media from ABCA1 and control cells was harvested, and analyzed by 4% to 30% nondenaturing gradient gel (NDGGE), agarose gel, and 2-dimensional gel (2D-gel) electrophoresis. The remainder of conditioned media was concentrated using an Amicon Ultra-10 concen-trator and fractionated by fast protein liquid (FPLC). The particles were eluted and individual fractions were analyzed for 125 Iradioactivity and the 125 I-profile was plotted. An aliquot of each fraction was resolved on NDGGE gels and visualized with a phosphorimager to determine the elution position of homogeneous-sized pre-␤ HDLs, which were then pooled and used for subsequent studies including compositional analyses, ABCA1 binding, and lipid efflux experiments.
A full description of experimental procedures can be found in the supplemental materials, available online at http://atvb. ahajournals.org.
Results
ABCA1 Expression in Control and ABCA1-Expressing Cells
Using RT-PCR, we demonstrated significant expression of ABCA1 mRNA in HEK293-ABCA1 cells, whereas no expression was detected in control cells (supplemental Table II ). Control and ABCA1-expressing cells did not express significant amounts of mRNA for ABCG1, SR-B1, LCAT, apoM, and PLTP relative to human liver, suggesting that these HDL modifying factors did not contribute to the formation or modification of nascent HDLs during our experiments. Western blot analysis verified the presence of ABCA1 protein in HEK293-ABCA1 cells, with no detectable expression in control cells (supplemental Figure IA) . Efflux experiments confirmed the function of ABCA1 protein in the presence of apoA-I with ABCA1-expressing cells demonstrating an increased efflux of PL and FC relative to control cells (supplemental Figure IB ).
Heterogeneity of Nascent HDLs Formed by ABCA1
Nascent HDLs were formed by incubating 125 I-apoA-I with ABCA1-expressing cells for 24 hours. The electrophoretic mobility and the size of nascent HDLs formed during incubation were determined by agarose-, 1D-and 2D-gel electrophoresis of media ( Figure 1 ). Agarose gel electrophoresis showed that 125 I-apoA-I incubated in the absence of cells or with control cells had pre-␤ migration, suggesting no change in electrophoretic mobility of 125 I-apoA-I. However, the electrophoretic mobility of nascent HDLs formed from 125 I-apoA-I in the presence of ABCA1 ran slightly faster than apoA-I, but did not migrate into the ␣-position. On the basis of agarose gel electrophoretic behavior, we designated these as nascent pre-␤ HDLs. One and 2D-gel electrophoresis demonstrated that incubation of apoA-I in the presence of ABCA1 protein led to the formation of heterogeneous-sized pre-␤ HDLs, which were not seen in control media (compare lanes 3 and 4 for control versus ABCA1, Figure 1B ). We designated these pre-␤ HDLs, from smallest to largest, as pre-␤1, pre-␤2, pre-␤3, and pre-␤4 HDL. Pre-␤1 HDLs, the smallest particles observed in ABCA1 cell-conditioned media, were similar in size to lipid-free 125 I-apoA-I. We also noted that pre-␤2 HDLs ran slightly faster, toward the anode, in the first dimension of the 2D-gel, suggesting that the faster migration of HDL particles observed in the agarose gel ( Figure 1A ) was primarily attributable to pre-␤2 HDL.
To further study these nascent HDLs, each pre-␤ HDL was isolated to apparent homogeneity by FPLC. Concentrated conditioned media was injected onto Superdex-200HR FPLC columns and fractions were collected to monitor elution of 125 I-radioactivity. Figure 2A shows the 125 I-radioactivity profile of 125 I-apoA-I, and media from control and ABCA1expressing cells. The elution profiles for 125 I-apoA-I and control cell media were very similar, supporting the results shown in Figure 1B . These suggest that there was minimal HDL particle formation in the absence of ABCA1. However, the elution profile of ABCA1-expressing cell media showed a decrease in radioactivity distributed in the pre-␤1 region and the appearance of discrete peaks of radioactivity from fractions 100 to 150, suggesting the formation of larger-sized HDL subfractions. Fractions were pooled and designated as pre-␤1, 2, 3, and 4 HDL on the basis of the elution positions ( Figure 2A ). The apparent homogeneity of each pre-␤ HDL fraction was verified by NDGGE and phosphorimager analysis ( Figure 2B ). All pre-␤ subfractions appeared as homogeneous-sized subpopulations, except for pre-␤1 HDL.
A previous study demonstrated that interaction of apoA-I with J774 macrophages stimulated with cAMP or human fibroblasts stimulated with LXR agonist to upregulate ABCA1 expression resulted in microparticle accumulation in the medium. 11, 13 These microparticles were Ͼ20 nm in diameter, devoid of apoA-I, and contained about half of the cholesterol carried in the medium. To determine whether microparticles were present in our system, we incubated unlabeled apoA-I with 3 H-cholesterol-labeled control and ABCA1-expressing cells for 24 hours. The conditioned media was fractionated by FPLC and fractions were quantified for 3 H-radioactivity. Fractionation of control media showed that 3 H-cholesterol was only associated with pre-␤1, with no significant 3 H-radioactivity eluting in the void volume region (Figure 2A ; fractions 80 to 90). In ABCA1-conditioned media, there was minimal 3 H-radioactivity in the pre-␤1 region of the column but a significant amount of radiolabel was observed in pre-␤2 to 4 regions. Thus, we found scant 3 H-radioactivity in the void volume region, suggesting that microparticle formation was minimal.
For each isolated pre-␤ HDL, we determined the size, density, number of apoA-I molecules per particle, and lipid composition (Table) . The pre-␤ HDLs ranged in diameter from Ͻ7.2 to 13 nm. The density of the particles was inversely proportional to size and ranged from 1.1687 (pre-␤1) to 1.0833 (pre-␤4) g/mL. As pre-␤ HDL size increased, the number of apoA-I molecules per particle increased from 1 to 4. Lipids were extracted from pre-␤ HDLs to quantify PL and cholesterol by mass spectrometry and GLC, respectively. The molar ratio of choline-containing PLs (phosphatidylcholine and sphingomyelin) to apoA-I was similar for pre-␤2 to 4 HDL (132 to 145 molecules of PC per molecule of apoA-I), but was much less for pre-␤1 (9 molecules). Analysis of the pre-␤1 region from FPLC separation of control cell medium resulted in a PC/AI molar ratio of 5. Because the apoA-I used for the study contained Ͻ1 PC molecule per apoA-I, the results suggest a small amount of PL associated with apoA-I in an ABCA1-independent manner during the incubation or FPLC isolation for control cells. We did not detect a significant amount of lysophosphatidylcholine, phosphatidylethanolamine, phosphatidylinositol, or phosphatidylserine mass associated with pre-␤ HDLs by mass spectrometric analysis (data not shown). This likely explains why our particles migrated pre-␤, whereas other investigators have observed ABCA1-generated particles that contain small amounts of acidic PLs and migrate in the ␣-position on agarose gels. 11, 12 The molar ratio of FC to apoA-I also increased as pre-␤ HDL size increased, from background levels in pre-␤1 to 10 mole % for the largest particles. However, there was no detectable CE in the pre-␤ HDLs (data not shown).
Kinetics of Pre-␤ HDL Formation by ABCA1
There are 2 hypothetical pathways by which pre-␤ HDLs of different size may be formed by ABCA1. In the first, which we refer to as the sequential pathway, apoA-I interacts with ABCA1, resulting in the formation of pre-␤1 HDLs. Through repeated interactions with ABCA1, these small pre-␤1 HDLs gain additional lipid and apoA-I and are converted in a sequential, step-wise manner into larger pre-␤ HDL particles (ie, pre-␤2, 3, and 4). The second possibility, the simultaneous pathway, is hypothesized to result in the simultaneous formation of pre-␤1, 2, 3, 4, and larger HDL by a single interaction with ABCA1. To determine which mechanism might prevail in our experimental system, we performed a series of kinetic studies. 125 I-apoA-I was incubated with ABCA1-expressing and control cells for 30 hours and, periodically, aliquots of medium were removed to monitor pre-␤ HDLs formation using NDGGE and phosphorimager analysis ( Figure 3 ). There was no evidence for the formation of particles larger than pre-␤1 in control cell media over the 30 hour time course ( Figure 3A, top) . However, the presence of pre-␤2, 3, and 4 HDL in ABCA1-conditioned media was noticed between 1 to 2 hours of incubation, and radioactivity in these fractions increased gradually during the remainder of the experiment. Figure 3B represents the quantification of phosphorimager pixel density in each pre-␤ subfraction shown in Figure 3A as the percentage of total radioactivity at each time point. Pre-␤1 radioactivity remained constant at about 100% throughout the study in control medium. Radioactivity in pre-␤1 of ABCA1-conditioned media decreased during the 30-hour incubation, whereas radioactivity in pre-␤2, 3, and 4 HDL increased. Radioactivity in pre-␤2 HDL increased gradually and reached saturation after 18 hours. A similar trend was observed for pre-␤3 and pre-␤4 HDL, which reached saturation after 24-hour incubation. Analysis of the kinetics of nascent pre-␤ HDL formation by the SAAM II program suggested that pre-␤2, 3, 4, and 5 were generated simultaneously within the limits of our detection system, with no evidence for a precursor-product relationship among pre-␤ HDLs (data not shown). The experimental data suggest that there is a short delay in the conversion of apoA-I to larger pre-␤ HDLs, and there is differential conversion with more of the apoA-I converted to pre-␤2, less to pre-␤3, and least to pre-␤4.
Minimal Lipidation of ApoA-I by ABCA1 Reduces Pre-␤ HDL Interaction With ABCA1
Previous studies have shown that plasma and recombinant HDL interact poorly with ABCA1 compared with apoA-I. 15, 16 To determine whether isolated pre-␤ HDLs from our system could bind to ABCA1 and serve as acceptors for cellular lipid, we performed binding and efflux studies using isolated pre-␤ HDLs. Compared with apoA-I, pre-␤2 to 4 HDL formed by ABCA1 showed dramatically reduced ability to interact with ABCA1-expressing cells (Figure 4A, left) . Chemical cross-linking experiments of apoA-I with ABCA1 using DSP demonstrated that radiolabeled apoA-I was crosslinked with a protein of the apparent MW of ABCA1 ( Figure  4A , inset-lane 2), whereas no cross-link product was observed for control cells (Figure 4A , inset-lane 1). Cleavage of the cross-linked product with ␤-mercaptoethanol resulted in a radiolabeled protein that migrated in the position of apoA-I The hydrodynamic size of isolated pre-␤ HDLs was determined by NDGGE, the density was measured by density-gradient ultracentrifugation, and the no. of apoA-I molecules per particle was determined by chemical cross-linking. PC and cholesterol mass were measured by mass spectrometry and GLC, respectively. Details of the procedures are given in the Methods section. Lipid compositions are reported as molar ratios, normalized to apoA-I, and represent the meanϮSD (nϭ3). Lipid-free apoA-I data are from a single analysis. NDϭnot determined.
Characterization of Pre-␤ HDLs Formed by ABCA1-Expressing HEK293 Cells
( Figure 4A , inset-lane 4), suggesting that binding of 125 I-apoA-I to ABCA1-expressing cells was specific for ABCA1. We also demonstrated that recombinant HDL particles containing 5 and 9 molecules of PC per molecule of apoA-I (5and 9rpre-␤ HDL, respectively) bound poorly to ABCA1, confirming that a small amount of PC associated with apoA-I decreases binding to ABCA1 (Figure 4A, right) . Additionally, the ability of these pre-␤ HDLs to promote lipid efflux from ABCA1-expressing cells was severely compromised relative to apoA-I ( Figure 4B ). To rule out the possibility that this outcome was attributable to the in vitro generation of pre-␤ HDLs, we isolated small and pre-␤ HDL from human plasma using anti-human apoA-I immunoaffinity and sizeexclusion chromatography. 17 We also observed a diminished ability of small and pre-␤ HDLs from human plasma to promote lipid efflux via ABCA1 compared with apoA-I ( Figure 4C ). These data suggest that pre-␤ HDL formed by ABCA1 are poor substrates for subsequent interaction with ABCA1 and must receive additional lipid and apoA-I through non-ABCA1 pathways to complete their maturation.
Pre-␤1 HDLs isolated from ABCA1-expressing cell medium was indistinguishable from apoA-I on the basis of size ( Figures 1 to 3 ), but contained a small amount of PL (Table) . We have previously described a pre-␤ particle isolated from the plasma of humans as well as human apoA-I transgenic mice that were similar in size and lipid content to the pre-␤1 HDLs formed by ABCA1-expressing cells. 17 Pre-␤ HDL isolated from plasma had a very rapid removal rate from plasma, suggesting it was a terminal particle that could no longer interact with ABCA1. To determine the ability of pre-␤1 HDL to interact with ABCA1, we performed binding and efflux studies using 125 I-apoA-I and 125 I-pre-␤1 HDLs, harvested from ABCA1-expressing or control cell medium ( Figure 5 ). The specific binding of pre-␤1 isolated from ABCA1-conditioned medium to ABCA1 was very low (0.08Ϯ0.08 ng/mg pro) compared with that observed with apoA-I (2.28Ϯ0.73 ng/mg pro) and pre-␤1 from control medium (1.55Ϯ0.97 ng/mg pro; Figure 5A not heated). We reasoned that the poor binding of pre-␤1 HDLs from ABCA1-expressing cells may be attributable to a conformational constraint in apoA-I induced by binding to ABCA1 or to the small amount of PL associated with the particle. To test this hypothesis, we heated pre-␤ and apoA-I to 60°C, just above the transition temperature of apoA-I, resulting in denaturation of the protein, and tested their ability to bind to ABCA1-expressing cells. Binding of apoA-I and pre-␤1 HDL was similar after heating, demonstrating that the poor binding of ABCA1-generated pre-␤1 HDL to ABCA1 could be partially recovered by heat-denaturation of apoA-I ( Figure  5A ). We also tested the ability of pre-␤1 HDL to efflux PL ( Figure 5B ) and cholesterol ( Figure 5C ) from ABCA1expressing cells. Analogous to the binding results, pre-␤1 from ABCA1-expressing cells had background levels of PL and cholesterol efflux, whereas pre-␤1 from control cells showed considerable efflux for both lipids, though not to the level of that observed from apoA-I.
Discussion
The interaction of apoA-I with ABCA1 is critical for nascent HDL formation as demonstrated by the lack of plasma HDLs in Tangier disease subjects or in ABCA1-KO mice. 10, 18 The goal of this study was to investigate the initial steps in HDL particle assembly by ABCA1 without other HDL modifying proteins. To accomplish this, we investigated nascent HDL formation using HEK293 cells expressing ABCA1. The results of our study support 3 main conclusions. First, ABCA1 is necessary and sufficient to form multiple discrete-sized nascent HDLs. Second, these particles appeared to form simultaneously. Finally, once they are formed, these particles have a compromised ability to bind to and acquire lipid via ABCA1. These results suggest that the initial interaction of apoA-I with ABCA1 may result in a stabilized conformation of apoA-I which prevents further interaction with ABCA1 and the subsequent lipidation and maturation of these nascent HDL particles must involve other proteins at the cell surface or in plasma.
Historically, HDL assembly was thought to occur intracellularly through lipidation of apoA-I in the secretory pathway of the liver and intestine as it is synthesized, processed, and secreted. However, the inability to detect discoidal, nascent HDL-sized particles in the secretory pathway, 19 the demonstration that addition of apoA-I to the media of cells results in PL and cholesterol efflux, 9,20 -22 and the discovery of ABCA1 4 -6,9,23 led to the concept that HDLs are assembled in the extracellular space by the interaction of apoA-I with ABCA1. Several studies with hepatocytes have shown that the majority of HDL particle assembly occurs in the extracellular space, 14,24 -27 and nearly all of the plasma pool of HDLs is derived from the liver and intestine. 28 -30 In addition, many studies have demonstrated that hepatocytes or ABCA1-transfected or stimulated nonhepatic cells in Binding studies were performed with 1 g/mL of 125 I-apoA-I, 125 I-pre-␤2, 3 and 4 HDL, or 125 I-5-or 9rpre-␤ HDL for 2 hours on ice as explained in the Methods section. Values represent the mean of duplicate observations. Inset, Chemical crosslinking study. One g/mL of 125 I-apoA-I was incubated for 30 minutes at 37°C with control (lanes 1 & 3) and ABCA1expressing (lanes 2 & 4) cells in the presence of DSP and media were subjected to SDS-PAGE and phosphorimager analysis. The cross-linked product was reduced by ␤-mercaptoethanol in control (lane 3) and ABCA1 cells (lane 4). Migration positions for ABCA1 and apoA-I are indicated. B, Phospholipid and cholesterol efflux to pre-␤ HDL generated by ABCA1expressing cells. ABCA1-expressing and control cells were radiolabeled with 2Ci/mL of 3 H-choline chloride and 3 H-cholesterol. Lipid efflux was performed for 24 hours in the presence of 10 g/mL of 125 I-apoA-I or 125 I-pre-␤2, 3, or 4 HDL, isolated from the medium of nonradiolabeled ABCA1-expressing cells. At the end of the efflux period, cells and media were lipid extracted and PL and cholesterol radiolabel were quantified after TLC separation. Percentage PL (left) and cholesterol (right) efflux (meanϮSD, nϭ3) was calculated as radiolabel in medium divided by radiolabel in mediumϩcells X 100%. C. Phospholipid and cholesterol efflux to human plasma HDL. Pre-␤ and small HDL were isolated from human plasma by anti-human A-I immunoaffinity and sizeexclusion chromatography. Efflux studies were performed as described in panel B. Values represent meanϮrange, nϭ2.
the present of exogenously added or endogenously synthesized apoA-I, accumulate multiple HDL-sized particles in the medium. [11] [12] [13] 21, 24 In contrast, studies on the chemical nature of nascent HDL assembled by ABCA1 are limited. We were particularly interested in isolating and characterizing nascent HDLs assembled by ABCA1 in the absence of other HDL modifying proteins that are present in or secreted from hepatocytes and macrophages. In our experimental system, we show that at least 4 distinct-sized nascent pre-␤ HDLs could be isolated from ABCA1-expressing cell medium (Figure 2 ). To our knowledge, only one other study has reported the isolation and physical-chemical characteristics of nascent HDLs from cells in which ABCA1 activity was stimulated. 11 Our nascent pre-␤3 and 4 HDL were similar in size to the 9-and 12-nm nascent HDLs characterized by Duong et al. 11 We also isolated 2 smaller nascent HDLs (pre-␤1 and 2, Ͻ7.2 and 7.2 to 8.2 nm in diameter, respectively) that were not detected in the Duong study. 11 Comparing the migration on agarose electrophoresis, all of our nascent HDLs migrated pre-␤, whereas nascent HDLs reported by Duong migrated alpha. This difference can be explained by the presence of acidic PL on the particles of the Duong study, whereas our particles contained no detectable acidic PL. The lipid composition of our particles (pre-␤3 and 4) is in the range of that reported by Duong and the PC/AI molar ratio and hydrodynamic size of our nascent HDLs are within the range of values reported in the literature (supplemental Figure II) , except for pre-␤2, which had a greater PC/apoA-I molar ratio than would be predicted for its size. The reason for this anomalous outcome is not known, but perhaps is related to a conformation state of apoA-I protein that results in a smaller apparent hydrodynamic size. It is interesting that this subpopulation of nascent HDL also exhibited a faster migration on agarose gels, which might also reflect a conformational difference of apoA-I on pre-␤2 ( Figure 1 ). Duong et al 11 also observed microparticle formation in the medium, whereas we did not. This is likely attributable to different cell types and experimental conditions used in these studies. The studies of Liu, 13 Duong, 11 and Denis 15 suggest that there was no precursor-product relationship between the smaller and larger nascent HDL. We also found no evidence for a precursor-product relationship between pre-␤1, 2, 3, and 4 over a 30-hour time-course kinetic study. One explanation for this outcome is that apoA-I binds to ABCA1 at different sites on the cell membrane that vary in lipid availability, resulting in discrete-sized nascent HDLs that are assembled independently of 1 another. Another possibility is that ABCA1 recycles through an endosomal compartment and may assemble more or less lipid on pre-␤ HDL particles compared with ABCA1 localized on the extracellular membrane surface. Finally, pre-␤ HDL particles may fuse with one another after assembly by ABCA1 to generate larger sized pre-␤ HDL, but our kinetic data do not support this possibility. However, if smaller pre-␤ HDL particles fuse to form larger pre-␤ HDL immediately on release from ABCA1, we would be unable to differentiate that from simultaneous formation of different-sized pre-␤ HDL in our experimental system. In summary, using a cell system in which ABCA1 is overexpressed and expression of other known HDL modifying factors is minimal (supplemental Table II ), we show that multiple discrete-sized nascent HDLs are formed. Thus, ABCA1 expression is necessary and sufficient to produce the size-speciation of nascent HDLs.
Whereas apoA-I is a substrate for ABCA1-mediated lipidation, plasma HDL are poor substrates for ABCA1. 9, 16 In addition, our data as well as those of Denis el al 15 suggest that even relatively small lipid-poor recombinant HDLs interact poorly with ABCA1. Since most evidence suggests that apoA-I binds directly to ABCA1, 16,31,32 mature plasma HDL Figure 5 . ABCA1 binding and efflux to pre-␤1 HDL. A, Binding study. Binding studies were performed in the presence of 1 g/mL 125 I-apoA-I or 125 I-pre-␤1, from ABCA1-expressing or control cells, as described in Figure 4A . The radiolabeled ligands were kept on ice (not heated) or heated to 60°C for 30 minutes and cooled on ice just before the binding experiments. Data represent meanϮSEM, nϭ3. B, Phospholipid, and C, Cholesterol efflux. Efflux studies were performed as explained in Fig may not have the appropriate conformation of apoA-I for binding to ABCA1. However, no studies have been performed to determine whether nascent HDLs assembled by ABCA1 are substrates for repeated rounds of lipidation by ABCA1 or whether additional lipidation must occur through non-ABCA1-mediated pathways. We demonstrated that pre-␤ HDL generated by ABCA1-expressing cells have a compromised ability to subsequently bind to ABCA1 and mediate lipid efflux compared with apoA-I. On the basis of these results, we suggest that initial interaction of apoA-I with ABCA1 results in a conformational change of apoA-I that reduces its subsequent binding to ABCA1 and impedes additional lipidation by this pathway. This idea is supported by our results demonstrating that pre-␤1 isolated from the medium of ABCA1-expressing cells contain a few molecules of PL, but still bind poorly to ABCA1-expressing cells. The reduction in binding of pre-␤1 from ABCA1-expressing cells does not appear to be an artifact of the isolation procedures, because pre-␤1 from control cells binds to ABCA1expressing cells and mediates lipid efflux, albeit not to the level of that observed for apoA-I. Because pre-␤1 from control cells also contained a few molecules of PL relative to apoA-I, which likely resulted from non-specific lipid addition to apoA-I during incubation or isolation, it suggests that the interaction of apoA-I with ABCA1, per se, but not lipid binding, may change the conformation of apoA-I. However, ABCA1-mediated lipid transfer to apoA-I may help stabilize the conformation induced by interaction with ABCA1. Fielding et al 33 have also suggested that on interaction with ABCA1, apoA-I undergoes a conformational rearrangement independently of lipid transfer and this rearrangement is necessary for subsequent lipid transfer to apoA-I. Further support for our hypothesis comes from the heat-denaturation of the pre-␤1 HDL, which eliminates the "conformational restraint". This results in partial restoration of binding to ABCA1, suggesting that the conformation of apoA-I is important for interaction with ABCA1. The decreased interaction of nascent HDLs with ABCA1-expressing cells also agrees with lack of an observable precursor-product relationship among nascent HDLs in the kinetic studies. If pre-␤1 HDL increased their lipid content by repeated interactions with ABCA1, we would predict a precursor-product relationship between pre-␤1 and larger nascent HDL. In addition, the inability to detect pre-␤ HDL larger than pre-␤1 during the first hour of the kinetic experiment as well as the reported t1/2 (1.4Ϯ0.66 hour) for release of apoA-I from ABCA1, 15 suggests that pre-␤ particle formation occurs through one round of binding of apoA-I to ABCA1 and release of a nascent HDL (ie, pre-␤1 to 4). Taken together, these suggest that apoA-I binds to ABCA1, becomes lipidated to varying extents, and is released as a nascent HDL that can no longer interact with ABCA1. Therefore, these nascent HDLs must undergo further maturation by ABCG1, 34, 35 PLTP, 36, 37 SR-BI, 38 and perhaps other factors before final maturation to spherical HDL by LCAT in plasma. 39 -41 Several studies have suggested that pre-␤1 is the initial acceptor of cellular cholesterol in RCT. 42, 43 However, our previous studies have demonstrated that pre-␤ HDL isolated from plasma has a very rapid in vivo catabolic rate from plasma and is degraded preferentially by the kidney rather than the liver, 17 which would decrease its utility for RCT. If this is the case, how can pre-␤1 survive to be an effective mediator of RCT? We suggest that plasma pre-␤1 HDL is a mixture of lipid-free apoA-I and poorly-lipidated HDL similar to the pre-␤1 isolated from ABCA1-expressing cells. We hypothesize that the pre-␤1-like particle in plasma is a terminal particle that failed to become sufficiently lipidated by ABCA1. If our hypothesis is correct, the main function of ABCA1 is to sufficiently lipidate newly secreted apoA-I before it enters plasma to prevent its hypercatabolism from plasma and degradation by the kidney. We suggest this concept is supported by the observation that the only organs that quantitatively secrete apoA-I, liver and intestine, are also the organs that account for the production of the plasma HDL pool, 28, 29 at least in mice. In summary, although some apoA-I becomes lipidated in the secretory pathway of the liver in an ABCA1-dependent or -independent manner, 14, 25, 27 most HDL assembly occurs in the extracellular space of liver, and to a lesser extent, the intestine by ABCA1. Thus, we hypothesize that newly secreted apoA-I has at least 3 potential fates. First, it can interact with ABCA1 at the hepatocyte or enterocyte basolateral membrane to generate nascent HDLs with sufficient lipid to prevent their hypercatabolism in plasma (ie, Ͼ7 nm in diameter; pre-␤2 to 4). These nascent HDLs would then be substrates for additional maturation by non-ABCA1 pathways and eventually become substrates for RCT. Second, apoA-I that interacts with ABCA1 but is poorly lipidated because of limited lipid availability or limited ABCA1 activity is subject to rapid removal from the plasma and degradation by the kidney. Third, apoA-I that fails to interact with ABCA1 and gains no lipid before entering the circulation is rapidly incorporated into preexisting plasma HDLs.
